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Turbulent combustion modelAbstract Turbulence affects both combustion and NO formation. Fluctuation correlations are
ideally used for quantitative analysis. From the instantaneous chemical reaction rate expression,
ignoring the third-order correlation terms, the averaged reaction rate will have four terms, including
the term of averaged-variable product, a concentration ﬂuctuation correlation term, and tempera-
ture-concentration ﬂuctuation correlation term. If the reaction-rate coefﬁcient is denoted as K, the
temperature ﬂuctuation would be included in the K ﬂuctuation. In order to quantitatively study the
effect of turbulence on NO formation in methane-air swirling combustion, various turbulence-
chemistry models are tested. The magnitudes of various correlations and their effects on the
time-averaged reaction rate are calculated and analyzed, and the simulation results are compared
with the experimental measurement data. The results show that among various correlation
moments, the correlation between the reaction-rate coefﬁcient K ﬂuctuation with the concentration
ﬂuctuation is most important and is a strong nonlinear term.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Turbulent combustion or reaction happens in power genera-
tion, transportation, and industrial systems. The induced pol-
lution becomes a critical environmental problem. Therefore,
for combustor designers, the accurate control of turbulentﬂames in both temperature and NO formation is and will be
a real challenge.
Because of the enormous computational effort, the direct
numerical simulation (DNS) is hardly used in practical appli-
cations. Large eddy simulation (LES) is on the way for industrial
applications. At present, Reynolds averaged Navier–Stokes
(RANS) modeling is still a useful tool for designers.
It is recognized that turbulence affects not only combustion
but also NO formation. The turbulent reaction rate is highly
non-linear, so the averaged reaction rate cannot be directly
expressed as a function of the mean variables.
There are different approaches to deal with the turbulence–
chemistry interaction.1 The simple and robust EBU-Arrhenius
(E-A) and simpliﬁed probability density function (PDF) turbu-
lence–chemistry models are widely used to predict turbulent
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ﬂows in combustors and furnaces. However, these models’ pre-
diction results are frequently not agreed with experimental
results. The reason is that in most regions of a ﬂow ﬁeld, the
E-A model primarily accounts for the effect of turbulence.
The effect of ﬁnite-rate kinetics decreases due to the minimum
value from the two reaction rates determined by turbulent ﬂuc-
tuation and reaction kinetics respectively. The simpliﬁed PDF
model always uses a product of the temperature PDF with the
concentration or mixture-fraction PDF to replace the temper-
ature-concentration joint PDF, therefore underestimates the
time-averaged reaction rate. The ﬂame-let models, the PDF
transport equation model, and the conditional moment closure
(CMC) model are encouraging models, but are more complex
in application or in their ways of developing.
The second-order moment (SOM) turbulent combustion/
reaction model was developed following the turbulent model-
ing concept. The Taylor’s expansion was originally used in this
kind of models.2–4 Khalil5 carried out this model in sudden
expansion combustors, and the predicted temperature proﬁles
were in good agreement with the experimental data. Liao et al.6
used this model in methane air diffusion ﬂame, and the temper-
ature prediction results coincided with the experimental
results, while the NO concentration was underestimated. The
reason is the neglect of the high-order terms. Then the
SOM-PDF model and united SOM were brought forward
and validated by Zhou et al.7,8 Comparatively, the SOM mod-
els exhibit both reasonability and economy. In order to further
ascertain the detailed effects from the turbulence–chemistry
interaction, as well as joint correlations and averaged reaction,
a quantitative study is needed. As a fundamental method,
ﬂuctuation correlations analysis was used in modeling.9,10
The NO formation mechanism has been known since 1946,
and the Zeldovich thermal mechanism11 has been used widely.
Swirling affects NO formation12 and there is a best swirling
number in a typical combustor.13,14 Turbulent ﬂuctuation
affects NO formation notably.15
In this paper, a comparison is made for different versions of
SOM turbulence–chemistry models, including a full or uniﬁed
second-order moment (USM) model, a model accounting for
only the concentration ﬂuctuation (SOM1), a model account-
ing for only the ﬂuctuation of the reaction-rate coefﬁcient
(SOM2), and a model accounting for both the ﬂuctuation of
the reaction-rate coefﬁcient and the concentration ﬂuctuation
(SOM3). The effect of turbulence on NO formation in swirling
diffusion combustion using these models was studied. The
magnitudes of various correlation moments and their effects
on the time-averaged reaction rate were analyzed, and these
different versions of SOM turbulence–chemistry models were
validated using experimental results.
2. Different versions of SOM turbulence–chemistry models
For a one-step global reaction mechanism, the instantaneous
chemical reaction rate can be expressed as:
ws ¼ Bq2Y1Y2 expðE=ðR0TÞÞ ð1Þ
where ws is the instantaneous reaction rate for s species; B is
the pre-exponential factor; q is density; Y1, Y2 is mass fraction;
E is activation energy; R0 is universal gas constant and T is
temperature. If the pre-exponential factor and the exponentterm were abbreviated to reaction-rate coefﬁcient K, the
instantaneous reaction rate could be:
ws ¼ q2Y1Y2K ð2Þ
Ignoring the third-order correlation term, the averaged
reaction rate will be:
ws ¼ q2ðY1Y2Kþ Y01Y02Kþ Y1K0Y02 þ Y2K0Y01Þ ð3Þ
where K ¼ R B expðE=ðRTÞÞPðTÞdT and P(T) is the temper-
ature PDF; the superscript ‘––’ means the averaged value and
‘‘ 0 ‘‘ means the ﬂuctuation value according to turbulence.
The correlations K0Y0 and Y01Y
0
2 are closed by a uniﬁed form
of transport equations using two time scales in the
dissipation term. The correlation terms on the right hand side
(RHS) of Eq. (3) represent the turbulence–chemistry interac-
tion. In order to study the effects of various correlation
moments on turbulent combustion and NO formation, the
following versions of turbulent combustion models are used.
2.1. The USM model
The time-averaged turbulent reaction rate is:
ws ¼ q2 ðY1Y2 þ Y01Y02ÞKþ Y1K0Y02 þ Y2K0Y01
h i
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where w and u represent the variable of concentration Y mass
fraction and reaction rate coefﬁcient K; uj is the ﬂow velocity in
j direction; le is the effective viscosity coefﬁcient; lT is the tur-
bulent viscosity coefﬁcient; cg1, cg2, ru, a and b are model con-
stants; sT and sc are time scale as following:
sT ¼ ke
sc ¼ BqðYox þ bYfuÞ exp  ER0T
 h i1
8><
>: ð7Þ
where k is the turbulence kinetic energy; e is the turbulence dis-
sipation rate; Yox and Yfu are the oxygen and fuel mass fraction
separately, and b is a modeling constant. When taking the top-
hat PDF of temperature, the time-averaged reaction-rate coef-
ﬁcient is:
K ¼ exp½E=ðRðTþ g1=2T ÞÞ þ exp½E=ðR0ðT g1=2T ÞÞ
n o
=2
gT ¼ T02
8<
:
ð8Þ2.2. The SOM1 model
This is the version of second-order correlation moment models
which accounts for only the concentration–concentration
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tion on the time-averaged reaction rate is neglected. The
time-averaged reaction rate is:
ws ¼ q2B expðE=ðR0TÞÞðY1Y2 þ Y01Y02Þ ð9Þ2.3. The SOM2 model
This is the version of second-order correlation moment models
accounting for only the ﬂuctuation of the reaction-rate coefﬁ-
cient (the temperature-temperature ﬂuctuation correlation is
included in it). The time-averaged reaction rate is:
ws ¼ q2KY1Y2 ð10ÞFig. 1 Schematic of the swirl combustor.
Fig. 2 Schematic of the swirl vanes.
Table 1 Geometrical sizes (mm) of the swirl combustor.
D1 D2 D3 Df Dout Lf
8 10 30 80 110 9002.4. The SOM3 model
This version of second-order correlation moment models
accounts for both the ﬂuctuation of the reaction-rate coefﬁ-
cient and the concentration–concentration ﬂuctuation correla-
tion. The time-averaged reaction rate is:
ws ¼ q2KðY1Y2 þ Y01Y02Þ ð11Þ
The common feature of the last three versions of SOM
models is neglecting the temperature-concentration ﬂuctuation
correlation.
3. Reaction kinetics of methane-air combustion and NO formation
A global one-step reaction mechanism is taken for methane–
air combustion. The Arrhenius expression is:
wfu ¼ 2:12 1011q2Y0:2CH4Y1:3O2 exp
2:027 108
R0T
 
ð12Þ
The reaction of thermal NO formation is determined by the
extended Zeldovich mechanism16:
NþO2 () NOþO
N2 þO() NOþN
NþOH() NOþH
8><
>: ð13Þ
Its Arrehenius expressions are:
wþNO;Th ¼ 1:35 1016qYN2Y0:5O2T1 exp 
69160
T
 
ð14Þ
wNO;Th ¼ 22:6T1qY2N2Y0:5O2 exp
47355
T
 
ð15Þ
They can be simpliﬁed as17:
wNO;Z ¼ 9 1012q2YN2YO2T0:3 exp 
38440
T
 
ð16Þ
where the subscript Th means the thermal NO mechanism
reaction rate and the subscript Z means the Zeldovich mecha-
nism. The reaction mechanism of NH3 oxidation to form NO
is18:
4NH3 þ 6NO) 5N2 þ 6H2O
4NH3 þ 5O2 ) 4NOþ 6H2O

ð17ÞThe corresponding fuel NO reaction rates are:
wNO;fuel ¼ 1:05 1016q2YNH3YNO exp 
25000
T
 
wþNO;fuel ¼ 5:23 1022q2YNH3YO2 exp 
50000
T
 
8>><
>>:
ð18Þ4. Methane–air swirling combustion and NO formation
The experimental data for methane–air swirling combustion
and NO formation were taken from Ref. [19]. The swirl com-
bustor is shown in Fig. 1. In Fig. 1, D is diameter and Lf is the
length of the combustor liner. The axial swirl vanes are shown
in Fig. 2. The geometrical sizes are given in Table 1. The angles
of the swirl vanes are 30, 45 and 60 respectively, and the cor-
responding swirl numbers are 0.43, 0.68 and 1.08 respectively.
The air inlet ﬂow rate is 8.9 m3/h, and the methane inlet ﬂow
rate is 0.8932 m3/h. A small amount of ammonia (NH3),
4.91% in volume, is added to methane to simulate fuel NO.
The swirl number is deﬁned by the ratio of the tangential
momentum to the axial momentum. In this paper, the swirl
number was calculated by the following expression20:
SN ¼ Gu
GxR
¼ 1
1 w 
1
2
 1 ðd=DÞ
4
1 ðd=DÞ2 tan a ð19Þ
where Gu is the tangential momentum moment; Gx is the axial
momentum moment, and R is the diameter of the swirler. All
of the turbulence–chemistry models are incorporated into the
FLUENT solver using the user-deﬁned function to simulate
Table 2 Boundary conditions of correlation moments.
Variable The fuel inlet The air inlet The wall The exit
Temperature (K) 300 300 500 Not need
K0Y0CH4 0 0 ZDF 0
K0Y0O2 0 0 ZDF 0
T0T0 900 900 ZDF 10000
Y0CH4Y
0
O2
0 0 ZDF 0
T0Y0CH4 0.7 0 ZDF 0
T0Y0O2 0 3 ZDF 0
Note: ZDF means zero diffusion-ﬂux.
800 F. Wang et al.methane-air swirling combustion andNO formation. The corre-
lation moments are deﬁned as user-deﬁned scalars and are
solved by transport equations. The Reynolds-stress-equation
turbulencemodel is adopted, and theQUICKdifference scheme
and the SIMPLEC algorithm are selected. The inlet velocity
components are variedwith the swirl numbers, and the inlet tem-
perature is 300 K. The inlet species concentration is taken from
the experiments. No-slip, no reaction, and zero diffusive-ﬂux
conditions are taken at the walls, and fully-developed ﬂowFig. 3 Comparisons between measured and predicteconditions are taken at the exit. The boundary conditions of
the correlation moments are given in Table 2. In Table 2,
K0Y0CH4 and K
0Y0O2 denote the correlations of the concentration
ﬂuctuation with the ﬂuctuation of the reaction-rate coefﬁcient;
T0T0 denotes the correlation of the temperature ﬂuctuation;
Y0CH4Y
0
O2
denotes the correlation of the concentration ﬂuctua-
tion; T0Y0CH4 and T
0Y0O2 denote the correlations of the tempera-
ture ﬂuctuation with the concentration ﬂuctuation.5. Simulation results and discussion
Fig. 3 gives the comparisons between measured and predicted
temperature proﬁles for swirl numbers (SN) 0.43 and 0.68, using
four versions of SOM turbulence–chemistry models. Clearly,
the USMmodel’s prediction results are in good agreement with
the experimental results in the whole ﬂow ﬁeld. The SOM2
model, accounting for only the temperature ﬂuctuation, gives
relatively better agreement only in the head part of the combus-
tor. The SOM1 model, accounting for only the concentration
ﬂuctuation, i.e., the effect of turbulence on species diffusion,
gives relatively better agreement only in the high-temperature
region. The SOM3 model, accounting for both the ﬂuctuation
of the reaction-rate coefﬁcient and the concentration ﬂuctua-
tion, gives better results than those given by the last twomodels.
However, the USMmodel is better than the other three models.d temperature proﬁles for different swirl numbers.
Fig. 4 Various correlation moment proﬁles.
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models, the magnitudes of various correlation moments are
analyzed. Fig. 4 shows the relative values of the concentra-
tion-concentration correlation (YY), the concentration-
temperature correlation (YT), the temperature-temperature
correlation (TT), and the correlation of the reaction-rate coef-
ﬁcient with concentration (KY) in reference to the products of
their time-averaged values, predicted using the USMmodel for
swirl numbers of 0.43, 0.68 and 1.08. It can be seen that in
most regions, KY is sufﬁciently large. In some regions, TY is
close to KY, and in other regions, TY is smaller than KY. In
general, YY and TT are close to each other and both of them
are obviously much smaller than KY and TY. Only in a few
regions, such as in the near-axis region at the inlet for the case
of swirl number 1.08, YY is larger than the other correlation
moments. These results indicate that the intensiﬁcation effect
of turbulence on chemical reactions is mainly caused by the
correlation of the reaction-rate coefﬁcient with concentration
and the concentration-temperature correlation.
Fig. 5 gives the proﬁles of the time-averaged reaction rate,
predicted using four models. It is seen that the USM model,
accounting for all the correlation moments, gives the highest
reaction rate. The SOM3 model, accounting for the YY and
TT correlations but neglecting the TY correlation, gives a
smaller reaction rate than that given by the USM model.
The SOM1 model accounting for only the YY correlation
and the SOM2 model accounting for only the TT correlation
give much lower reaction rates than those given by the USM
and SOM3 models.
Fig. 6 shows the comparisons between measured and pre-
dicted NO mass fraction proﬁles when the swirl number is0.43 and 0.68, using four versions of SOM turbulence–chemis-
try models. Generally, the USM model’s prediction results are
in good agreement with the experimental results in the whole
ﬂow ﬁeld. The SOM2 model, accounting for only the TT
correlation and the SOM1 model, accounting for only the
YY correlation, remarkably underestimated the NO formation
in the whole ﬂow ﬁeld. The SOM3 model, accounting for both
the ﬂuctuation of the reaction-rate coefﬁcient and the concen-
tration ﬂuctuation, gives better results than those given by the
last two models, but is not as good as the USM model. There-
fore, the USM model is the best one among these four models.
6. DNS and simulation results
In order to fully test the magnitudes of the YY and KY corre-
lations, a spectral DNS was carried out. The DNS governing
equations are:
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where p is pressure; m is dynamic viscosity; wi is the reaction
rate of the ith species; k is the thermal conductivity; Q1 is
Fig. 5 Proﬁles of the time-averaged reaction rate predicted using four models.
Fig. 6 Comparisons between measured and predicted NO mass fraction proﬁles.
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Fig. 7 Correlation assessment from DNS data.
Effect of turbulence on NO formation in swirling combustion 803the heat release from reaction;cp is the speciﬁc heat capacity; Fi
is the body force for i direction. In y direction, Fy ¼ g TTwTw ,
which denotes the term caused by the buoyancy effect, and
Tw is the wall temperature. The DNS code was developed by
Wang et al.21 In this paper, a typical Arrhenius instantaneous
reaction rate was used. Here, the pre-exponential factor B is
108, and the ratio of the activation energy and universal gas
constant E/R is 15000. The simulation method and its veriﬁca-
tion are also given in Ref. [22].
The ﬂuctuation correlation was calculated from the statistic
result of DNS database. The concentration–concentration
correlation (YY) and the correlation of the reaction-rate
coefﬁcient with concentration (KY) obtained by DNS data
are shown in Fig. 7. The reaction happens mainly near the
top wall, so the correlations value changes sharply in this
region. The KY correlation is ten times larger than the YY
correlation, so the temperature ﬂuctuation is very important
and is ampliﬁed greatly by the nonlinear exponential function.
Therefore, a reasonable high-accuracy solution is needed in the
closure model of the temperature ﬂuctuation.
7. Conclusions
Based on the pioneers’ work, a detailed study on the SOM
model as well as the turbulence–chemistry interaction was
carried out in this paper. A swirling methane air ﬂame was
simulated by various hypothetic SOM-type turbulent combus-
tion models. The emphasis was on the quantitative comparison
amongst the modeling concept. The average temperature
proﬁles, various ﬂuctuation correlations values, the average
reaction rate, as well as the NO concentration were exhibited
together for the ﬁrst time to show the effects from different
closure ideas.
Correlations play notable roles in the turbulent combustion
models. In the methane–air swirling diffusion combustion and
NO formation with swirl numbers of 0.43 and 0.68, the USM
turbulence–chemistry model, accounting for all various corre-
lation moments, gives the closest prediction results to the
experimental data than the other hypothetic SOM models
neglecting a part of correlation moments. The average correla-
tion and reaction rate values directly show the different
impacts from the correlations. The NO concentration proﬁles
are approximately in proportion to the average temperature
value. From the correlation values, as well as temperature,reaction rate, and NO concentration proﬁles, the effects of
the KY and TY correlations are much greater than those of
the YY and TT correlations in RANS modeling.
Furthermore, a spectral channel ﬂow DNS with consider-
ation of temperature–velocity interaction was carried out in
order to verify the magnitudes of the correlations. The average
correlation can be calculated directly from DNA database.
From the DNS statistical results, the KY correlation is also
much larger than the YY correlation. Thus the modeling of
the KY correlation is very important in the SOM model. In
the future, the effects of various correlation moments for other
cases need to be studied.Acknowledgements
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